Lupinus mutabilis (tarwi) is a cultivated legume used principally as a protein source in human and animal nutrition. In this study, protein concentrate was obtained from debittered and defatted tarwi seed flour. SDS-PAGE analysis revealed the presence of highly intense bands ranged between 35 and 60 kDa. Tarwi protein concentrate was subjected to the action of alcalase to produce hydrolyzates with antioxidant activity. A central composite design was employed to study the effect of the experimental variables, enzyme/substrate ratio and incubation time, on the degree of hydrolysis and the radical scavenging capacity. The influence of both variables on the variable responses was demonstrated. The optimal conditions to obtain the highest degree of hydrolysis were enzyme/substrate ratio of 1.72% and 133 min of incubation. The highest radical scavenging activity (TEAC value of 2.7 ± 0.1 μmol Trolox equivalents/mg protein and ORAC value of 3.8 ± 0.1 μmol Trolox equivalents/mg protein) was found in hydrolyzates with alcalase after 138 min and an enzyme/substrate ratio of 1.87%. Peptides released by the action of alcalase and containing hydrophobic and aromatic amino acids could contribute to the antioxidant effects observed. Tarwi proteins could be a new alternative as a food additive with antioxidant properties or as an ingredient of functional foods for health promotion and prevention of free radical-induced chronic diseases.
Free radicals exert essential effects on cellular processes after their release during oxidative metabolism. However, their accumulation and the absence of endogenous antioxidant systems that counteract their oxidative action can lead to oxidative stress status. This has been associated with the etiology and progression of multiple chronic disorders, such as cardiovascular and neurodegenerative diseases, diabetes, cancer, and aging [1] . Moreover, free-radical mediated oxidation has undesirable impact on food products' color, flavor, texture, nutritive value, and shelf life during their processing and storage [2] . In order to provide protection against chronic disorders and to prevent foods from undergoing deterioration, many strong synthetic antioxidants are used as additives, such as butylated hydroxyanisole and butylated hydroxytoluene. However, in some countries, their use in foodstuffs has been restricted or prohibited due to their toxic and hazardous effects on human health [3] . Therefore, there is a growing interest in searching for new antioxidant compounds from natural sources with either no or few side effects. Among them, food protein-derived peptides have become very popular because of their demonstrated antioxidant effects, in addition to their nutritional and functional value [4] . Although the first studies were focused on the release of antioxidant peptides from animal sources [5, 6] , multiple plant-derived proteins have been recently recognized as sources of peptides with antioxidative effects after their hydrolysis with different enzymes [7, 8] . The type of native protein and the method applied to isolate it, as well as the specificity of the protease used for hydrolysis, degree of hydrolysis (DH), and structure, molecular weight, and amino acid composition of the peptides have been described as the main factors influencing the antioxidant properties of the hydrolyzates [9, 10] . Different in vitro antioxidant systems such as 2,2'-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) (ABTS), diphenyl-1-picryhydradzyl (DPPH) radicals scavenging activity, oxygen radical antioxidant capacity (ORAC), metal chelating, and linoleic acid oxidation inhibition have been used to evaluate the antioxidant activity of food-derived hydrolyzates and peptides.
Lupinus mutabilis Sweet (tarwi) is an important pulse crop in subsistence agricultural systems across the central Andes [11] . Tarwi seeds have high protein (46-48%) and oil (16-23%) contents that are comparable with those found in soybean (Glycine max (L.) Merr.) [11] . This makes tarwi an excellent alternative to animal protein [12] . Moreover, L. mutabilis has been used to improve the nutritional composition of different food products and to enhance the biological quality of proteins when used in combination with cereals [13] . However, no data on the potential of tarwi proteins as a source of antioxidant peptides are available. Therefore, in the present study, tarwi protein concentrate was extracted and subjected to alcalase hydrolysis. Response surface methodology (RSM) was applied to optimize the hydrolysis conditions, including enzyme to substrate (E/S) ratio and incubation time, with the purpose of obtaining the most powerful antioxidant hydrolyzates from tarwi proteins.
The proximate composition of seeds obtained from L. mutabilis was analyzed, obtaining values for ash, fiber, and carbohydrates content of 5.1 g/100 g dry weight (dw), 1.7 g/100 g dw, and 8.2 g/100 g dw, respectively. While the ash content was higher than that described as an average (8.2 g/100 g dw) for this species, the fiber and carbohydrate contents were lower (3.9 g/100 g dw and 32.9 g/100 g dw respectively) [14] . This variability might be explained, at least partially, by agronomic factors. The lipid content reported for L. mutabilis ranged from 13.0-24.6 g/100 dw with an average of The alkaloid content of tarwi seeds was also measured, a value of 3.4 g/100 g dw being obtained, which was within the wide range (0.01-4.5 g/100 g dw) reported for this Lupinus species [14] . Apart from differences due to the techniques used for alkaloids analysis, variation in the reported alkaloid contents can be explained by several factors such as the variety studied, the wide genetic variability, and environmental and agronomical conditions [14, 17] . After the debittering process, the alkaloid content decreased to 0.02 g/100 g dw, a value lower than the maximum allowed for the total alkaloid content in debittered lupin seed (700 mg/kg) established by the Ecuadorean Institute of Standards [18] . Once the seed was debittered, it was subjected to defatting using three different solvents as alternatives to other costly and environmentally unfriendly ones such as hexane, ethyl ether and benzene. Tarwi flours and protein concentrates (TPCs) were obtained from defatted seeds with ethanol, isopropanol, and n-heptane, obtaining yields of 26.2 ± 0.9, 24.1 ± 1.8 and 24.1 ± 2.3%, respectively. The protein contents of the TPCs were 80.2, 75.9, and 81.5%, respectively. The TPCs, analyzed by SDS-PAGE, demonstrated that none of the solvents used for the defatting process affected the integrity of tarwi proteins.
The pattern of tarwi proteins was similar to that previously reported, with major protein bands ranged from 35 to 60 kDa [19] . According to Santos et al., the tarwi protein band of 34 kDa might correspond to albumin, while bands with molecular masses from 50-60 kDa and 35-45 kDa might correspond to polypeptide chains of -and -conglutin [19] . The quality of protein is defined by the relative proportions of essential amino acids (EAA) in the food in relation to human amino acid/protein requirements Seventeen amino acids were detected in the TPC (Table 1 ). The analysis conditions did not allow the identification of tryptophan because of its destruction by acid hydrolysis. The highest content of total amino acids was present in TPC obtained from flour defatted with ethanol. These results pointed to ethanol as the cheaper and most environmental friendly solvent suitable for tarwi seeds. Leucine and lysine were the most abundant among the EAA, with percentages of 8.0 ± 0.5 and 5.8 ± 0.3 g/100 g of protein, respectively. Glutamic acid + glutamine and arginine were the most abundant among the nonessential amino acids (NEAA), with percentages of 29.7 ± 1.6 and 14.1 ± 0.8 g/100 g of protein.
The ratio of EAA to total amino acid (TAA) was 33%, and the ratio of EAA to NEAA was 49%. Although these values are lower than the protein reference pattern (EAA/TAA, 40%; EAA/NEAA, 60%) raised by FAO/WHO, this limitation can be easily overcome by including in the diet other protein sources rich in these limiting amino acids, typically cereals.
The quality of protein is also determined by the extent to which it is digested, absorbed and made available within the body for synthesis of its own proteins. The in vitro digestibility of tarwi proteins was evaluated simulating gastrointestinal digestion by sequential hydrolysis with pepsin and pancreatin. The higher protein digestibility for TPC obtained from defatted seeds with ethanol (95.2%) in comparison with previous values (80.1-90.8%) reported for proteins from other Lupinus species [20, 21] indicate a good digestibility of this oleaginous seed.
Alcalase has been recently found as the best enzyme to obtain antioxidant hydrolyzates from plant proteins [22, 23] . The efficiency of this enzyme has been associated with its broad specificity and its preferential breakdown of hydrophobic amino acids that act as hydrogen donors [2] . It is well known that the variables that mainly affect the enzymatic hydrolysis are the E/S (w/w) ratio and the incubation time (min). The effect of the combinations of these variables on the DH and the antioxidant activity was evaluated by RSM. The activity was determined using the ABTS assay and expressed as μmol Trolox equivalents (TE)/mg protein. Results of 12 assays containing four replicates at the center point are listed in Table 2 . This model was tested for adequacy and goodness of fit by analysis of variance ANOVA (Table 3) . In general, checking the model's adequacy is essential to avoid poor or misleading results. The p values for the two models for the DH, and ABTS radical scavenging activity of TPC hydrolyzates were all <0.001 ( Table 2 ), indicating that the fitness of the models was significant and could be used to optimize the hydrolysis conditions. Moreover, the "lack of fit" values were 0.058 and 0.164 (p>0.05), respectively, thus further indicating that the models were adequate. The coefficient (R 2 ) of determination is defined as the ratio of the explained variation to the total variation, and it is a measurement of the degree of fitness. The model can fit the actual data well when R 2 approaches unity. The ANOVA and its R 2 values for the two models used for tarwi protein hydrolyzates were determined to be 0.9373 and 0.9671, respectively, which showed that these regression models well defined the true behavior of the system. The values of the adjusted determination coefficients (Adj R 2 = 0.8851 and 0.9397) were also high to advocate a high significance of the model. Figures 1A and B show the surface plot of the estimated DH and ABTS radical scavenging activity as a function of factors E/S (from 0 to 2.4%) and time (from 0 to 240 min), evaluated using the equations in Table 2 , for the TPC hydrolyzed with alcalase. These surface plots show the individual effect of these two factors on the DH and antioxidant activity. The optimal conditions provided by the statistical program to obtain the highest DH were E/S 1.72% and 133 min incubation. In the case of the antioxidant activity, the predicted optimal conditions were E/S 1.87 and 138 min. To test the model, a TPC hydrolyzate was produced under the predicted optimal conditions, and the DH and ABTS radical scavenging activity were determined. The DH value obtained was 45.1 ± 0.2%, similar to that predicted by the model (45.7%). This value was comparable with those obtained after optimized alcalase hydrolysis of fish gelatin [24] and shrimp head waste proteins [25] . Previous to hydrolysis, the TPC showed a low TEAC value (0.2 ± 0.0 μmol TE/mg protein). However, after the action of alcalase under optimal conditions, the ABTS radical scavenging activity increased up to 2.7 ± 0.1 μmol TE/mg protein. This TEAC value was similar to that predicted by the design model (2.7 μmol TE/mg protein). Moreover, this value was higher than that reported by other authors for pajuro (Erythrina edulis) and common bean (Phaseolus vulgaris L.) protein hydrolyzates with alcalase during 120 min [22, 26] . The peroxyl radical scavenging activity was also calculated in the TPC hydrolyzate, obtaining an ORAC value of 3.8 ± 0.1 μmol TE/mg protein, thus confirming the high potential of tarwi proteins as a source of antioxidant peptides after their hydrolysis with alcalase.
In protein hydrolyzates, the composition of amino acids in the source protein plays an important role with respect to their antioxidant activities [9] . Aromatic amino acids (AAA) have the capacity to donate protons to electron deficient radicals and maintain their stability via resonance structures. Thus, they have been demonstrated to contribute to the strong radical scavenging activity of peptides [27] . Moreover, hydrophobic amino acids (HAA) act as antioxidants by increasing the solubility of peptides in lipids and therefore, facilitating their better interaction with free radicals that cause oxidative damage [28] . The HAA and AAA contents in the TPC obtained from defatted flour with ethanol were 36.2% and 9.4%, respectively. Therefore, the antioxidant activity of the alcalase hydrolyzate seemed to be caused by these amino acids in the contained peptides.
In conclusion, the model to predict the antioxidant activity during the TPC hydrolysis with alcalase, using a central composite design (CCD), with E/S (%) and t (min) factors was found adequate enough to describe the data. The hydrolyzate obtained under optimal conditions showed potent ABTS and peroxyl radical scavenging activities. Peptides released by the action of alcalase and containing HAA and AAA could contribute to the antioxidant effects observed. These peptides might have a high value in the food industry as natural additives with antioxidant properties preventing lipid oxidation via radical scavenging activity. Also, they might be used in the formulation of functional foods for health promotion and prevention of free radical-induced chronic diseases. Further research focused on the isolation and characterization of peptides responsible for the antioxidant activity is currently underway. Preparation of seed protein concentrate: Firstly, tarwi seeds were subjected to a debittering process in order to eliminate alkaloids. Seeds were steeped overnight in water (ratio 1:6, w/v). Then, the seeds were boiled for 1 h, changing the water after the first 30 min. After steeping the seeds in water for 72 h (ratio 1:5, w/v) with water changing every 6 h, they were dried at 42ºC until reaching a constant weight. The alkaloid content was determined following the protocol described by the Ecuadorean Institute of Standards [18] . Then, dried seeds were ground to powder in a domestic mill, and sieved using mesh number 60 to obtain a homogenous flour sample. Tarwi flour was defatted for 3 h using ethanol, isopropanol, and nheptane (ratio flour:solvent 1:4, w/v). After centrifuging the suspensions at 5000 g for 10 min at 20°C, the different residues were extracted following the same defatting process that was repeated 5 times. The final mixture was filtered and dried at 42ºC until reaching a constant weight.
The TPCs were obtained from the debittered and defatted flours according to Betancur and coworkers [29] , with slight modifications. The pH of a suspension of flour in distilled water (1:25, w/v) was adjusted to 10.0 with 1 N NaOH, and homogenized using a conventional blender for 3 min. The suspension was then filtered through 80-and 100-mesh screens to eliminate fiber, and then the solids on the screen were washed 3 times using distilled water (1:3, w/v). Starch was eliminated by sedimentation, and then the pH of the supernatant was adjusted to pH 4.4 with 1 N HCl and centrifuged at 1317 g for 12 min at 4°C to recover the protein, which was washed twice with distilled water, its pH adjusted to 7.0, freeze-dried, and stored at -20°C for further analysis. Protein content of TPCs was analyzed by Kjeldahl. Amino acids were analyzed in duplicate by cation exchange chromatography using a Biochrom 30 series Amino Acid Analyser (Biochrom, Cambridge, US) after automatic pre-column derivatization of samples with OPA. Detection was performed by absorbance at 440 nm. The samples were previously hydrolyzed with 6 N HCl for 21 h at 110°C.
SDS-PAGE electrophoresis:
The protein and peptide profile of TPCs under different conditions was studied by SDS-PAGE using 10% acrylamide gels (Merck Millipore Corp.). Samples were mixed with suitable volumes of SDS-PAGE sample buffer containing 60 mM Tris-HCl pH 6.8, 25% glycerol, 2% (w/v) SDS, 14.4 mM β-mercaptoethanol and 0.1% (w/v) bromophenol blue. After heating the samples for 3 min in a boiling water bath and cooling to room temperature, 10 μg of protein was loaded onto gels, and run in OmniPage Mini Vertical Systems (Cleaver Scientific, Warwickshire, UK) using Tris-glycine-SDS buffer as the running buffer. The conditions were set at 200 V constant, and the gels were run for 45 min. Sigma MarkerTM wide range (Sigma Chemical) was used as molecular weight marker. After electrophoresis, the gels were stained with Coomassie Blue for 60 min, destained with a 10% acetic acid-10% methanol solution for 12 h, and photographed using a digital camera.
Protein digestibility: This was measured following the protocol described by Vilela et al. [30] , with modifications. Briefly, TPC was dissolved in double distilled water at a concentration of 40 mg/mL, and the pH of the solution was adjusted to 1.9 with HCl. Digestion was initiated by the addition of freshly prepared enzyme stock solution (50 mg pepsin/mL in a solution containing 30 mM HCl and 100 mM NaCl) to the protein solution to reach an E/S ratio of 1:50. The gastric digestion was stopped after 30 min by raising the pH to inactive the pepsin. Freshly prepared pancreatin stock solution (50 mg/mL in 0.5% NaHCO 3 , pH 7.8) was added to reach an E/S ratio of 1:50. After 60 min incubation, 150 mM Na 2 CO 3 solution was added to stop the reaction. Non-digested protein was measured by the Bradford method [31] . The in vitro digestibility was calculated using the following formulae:
Enzymatic hydrolysis of tarwi protein concentrate: A 4% (w/v) TPC suspension in 50 mM Tris-HCl (pH 8.5) was heated at 92°C for 10 min and then, cooled to 50°C. Hydrolysis was carried out with alcalase at 50°C under agitation at 150 rpm according to the hydrolysis conditions defined by CCD, as previously described by Sarringkarin & Laokuldilok [32] . The independent variables tested were the E/S ratio, ranging from 0.19-2.41%, w/w (X 1 ) and hydrolysis time (t), which ranged from 35-205 min (X 2 ). Five E/S concentrations and 5 hydrolysis times were chosen for the tests, resulting in a total of 12 combinations (Table 1 ). Regression models between the dependent (Y) and independent (X) variables were described by the following polynomial equation: Y = β 0 + β 1 X 1 + β 2 X 2 + β 3 X 1 2 + β 4 X 2 2 + β 5 X 1 X 2
The enzyme was inactivated by heating at 100°C for 10 min. The resulting hydrolyzates from TPC were rapidly cooled and centrifuged at 10000 g for 20 min at 4°C. The supernatants were freeze-dried and stored at -20°C until use. DH was determined following Nielsen et al. [33] assay by measuring the free amino groups (h) by reaction with OPA. The total number of amino groups (ht) was determined in samples 100% hydrolyzed with 6 N HCl and 0.1% phenol at 150ºC for 6 h. The DH was calculated using the formula: % DH = (h/ht) × 100, and expressed as mg L-serine/mL. The protein content of TPC hydrolyzates was determined by the bicinchoninic acid method (BCA) (Pierce, Rockford, IL, USA) using BSA as standard protein.
ABTS ꞏ+ scavenging activity: The antioxidant capacity assay was carried out by the improved ABTS ꞏ+ method as described by Re and coworkers [34] . The ABTS ꞏ+ was generated by reacting 7 mM ABTS and 2.45 mM potassium persulfate after incubation at room temperature (23°C) in the dark for 16 h. The ABTS ꞏ+ solution was obtained by dilution of the stock solution in 0.01 M sodium phosphate buffer (pH 7.3) to an absorbance at 734 nm of 0.70 ±
